Abstract: This paper presents the study of a simplified approach to model and analyze the 1 performance of partially shaded photovoltaic modules using the shading ratio. This approach 2 integrates the characteristics of shaded area and shadow opacity into the photovoltaic cell model.
simplified analysis given the variable nature of shadows in real-world applications [26] [27] [28] .
48
In this context, our work proposes a more accurate definition of the shading ratio and an innovative 49 experimental set-up to integrate the shadow properties into the shaded PV model. This work includes 50 the analysis of the shading ratio to quantify the shadow impact on PV installations. This shading 51 ratio associates the shadow characteristics of the shaded area and the shading factor. Furthermore,
52
with the help of image processing methods, the proposed approach adds a novel experimental 53 set-up to analyze and supervise the shadow impact using the shading ratio. This analysis provides 54 a set of rules useful for predicting the current-voltage behavior of shaded photovoltaic modules.
55
Additionally, the correlation between the shading ratio and the shadow image patterns allowed for 56 developing a simplified expression to localize the maximum power points (MPPs) in actual shaded 57 conditions. Finally, these correlations were experimentally validated, which provides fundamentals 58 for the applications of image processing methods to quantify and supervise the shadow impact on PV 59 installations. Figure 1 outlines the methodology that uses the shading ratio and image processing.
60
This paper is organized as follows. Section II presents the modeling background. Section III describes 
Photovoltaic Model for Shaded Conditions

65
Shaded PV modules have a high risk of structural failures and a high risk of losing power 66 production. Several authors have studied this behavior at level of PV-cells [15] [28] . From proposed 67 models, the approach presented by bishop has allowed for a suitable agreement with controlled 68 tests [15] . However, the complex nature of the shading phenomenon has demonstrated the need for 69 complementing these approaches [29] . This section describes the shaded PV behavior and current 70 modeling methods. 
Shaded PV Modules and Modeling Background
72
A typical partially shaded setup is used for the test in this study, which is shown in Figure 2 .
73
This experimental shading test was performed on 14 February, 2017 in sunny weather. The ambient 74 temperature was 15 o C and the global solar irradiation in the horizontal plane was 910 W/m 2 at 1:00pm.
75
The experimental results in Figure 2 illustrate the drastic impact on the I-V and P-V curves.The partial 76 shadows can produce multiple maximum power points (MPPs) .In addition, studies have shown that 77 these partial shadows can lead to overheating and hot-spot issues [3] [30].
78
Several authors have studied this shaded behavior. Bishop presents a model for the reverse-bias 79 characteristics of shaded solar cells based on previous works regarding the avalanche breakdown 80 theory [15] . The authors propose a numerical simulation [16] and then the authors investigated the I-V characteristic under shadow conditions [17] . The work presented an alternative model for various 82 types of PV-cells [31] . The study in Reference [21] describes the PV performance in relation with the 83 shadow rate. Thermal stability and hot-spot risks are studied in Reference [32] . The work in Reference
84
[18] outlines a study of the shadow movement influence. For shaded PV installations, a discrete I-V 85 model is presented [20] . Other studies have correlated the shaded impact with PV power production 
Equation (1) represents the relation between the PV-cell current I and the PV-cell voltage V c [15] .
99
Where R s is the series resistance associated with conductive losses and R p is the shunt resistance 100 associated with distributed losses inside of the p-n material. I 0 is defined as the inverse saturation 101 current and V t is the thermal voltage [5] . In the non-linear multiplier factor, k is the fraction of current 102 involved in avalanche breakdown, V b the breakdown voltage, and n is the avalanche breakdown 103 exponent. I ph is the photo-generated current given by Equation (2) .
where G i is the incident irradiance, C Ti is the thermal current coefficient, and 
Proposed Approach for Partially Shaded PV Modules
118
The previous section described a widespread approach to model shaded PV Modules. However,
119
experimental results have shown that this approach can lose accuracy under actual partially shaded 120 conditions [5] . Given the complex nature of the shading phenomenon, the shadow analysis requires the 121 inclusion of the shadow properties without increasing the computational effort due to the scalability 122 of PV systems. These concerns have encouraged the development of the proposed approach through 123 this section. 
where 0 ≤ S f ≤ 1. S f = 0 means that the available irradiance shines on the interest region. In 135 contrast, S f = 1 means that all available irradiance is blocked in the interest region. Then, the relation 136 between τ and S f is given by Equation (4),
Physical meaning of Equation (4) shows that the shadow parameters of shading factor S f and represent the photo-generated currents in the illuminated and shaded areas. I ph T defined as the total 143 photo-generated current. As shown in Figure 4a , electron-hole pairs are generated when photons 144 arrive at the p-n junction in the illuminated area. As a result, a photo-generated current I ph i is produced 145 in the illuminated area. In contrast, fewer photons can arrive to the p-n junction in the shaded area,
146
which produces lower photo-generated current I ph s in the shaded area. Therefore, using a simplified 147 approach, the total photo-generated current I ph T depends on contributions of shaded and unshaded 148 areas, which is defined in Equation (5). Figure 4b shows the equivalent circuit for the photo-generated 149 currents [29] .
Using the current density definition J = I/A for linking the electrical characteristics and the 151 shadow geometric, we obtain Equation (6).
Considering the relation between the illuminated and shaded current densities given by the
(a) Section of a partially shaded cell (b) Photo-generated currents Figure 4 . Photo-generated currents in a partially shaded PV-cell.
as described previously S f + τ = 1 and a s + a i = 1. Thus,
Given that J ph i represents the photo-generated current produced per unit cell area in the 156 illuminated side and A c defined as the total PV-cell area, the factor J ph i A c can be interpreted as the 157 photo-generated current I ph Ti that should be provided by the PV-cell in totally illuminated conditions .
158
Therefore, Equation (7) can be rewritten as seen below.
The physical meaning of Equation (9) represents that the total photo-generated current I ph T is
160
proportional to the totally illuminated photo-generated current I ph Ti given a ratio that depends on 161 the shadow properties [29] . Equation (9) shows that the total photo-generated current depends on 162 the shaded area percentage a s and the shadow opacity S f but is independent of the shadow shape.
163
Defining this relation by the shading ratio δ, Equation (10) is obtained.
Thus, the total photo-generated current I ph T is given through Equation (11). In the I ph T expression,
165
the totally illuminated photo-generated current I ph Ti is evaluated using Equation (12) and considering
166
G i as the incident irradiance in totally unshaded conditions, which was clarified previously in Equation
167
(2).
168
I ph T = I ph Ti δ (11)
In addition, Equation (13) circuit is shown in Figure 5b . This simplified δ factor improves the description scope of shaded PV 176 systems including measurable shadow features without needing to increase the computational effort.
177
(a) Current-voltage behavior of partially shaded cell.
(b)
Modified equivalent PV-cell circuit using the shading ratio. 
The Equation (15) is a non-linear equation which can be solved using numerical methods. The 178 numerical method usually employs to solve this type of equations is the Newton-Raphson method [4] .
179
The method starts with a function f (V c ) defined as f (V c ) = 0 as rewritten below in Equation (16),
Given that the function satisfies the condition f (V c ) = 0, the following iterative process is 181 repeated until a sufficiently accurate value is reached.
The solution of the iterative process in Equation (17) voltage V BD is given by Equation (18).
The PV-cell voltages V c i come from the solution of the non-linear Equation (16) (17). In addition, the parameters I 0 , R s , V t , and 197 R p of Equation (16) Solutions of Equation (15) and Equation (18) Figure 6b allows deducing that the behavior of I dv described by Equation (19).
In addition, the totally illuminated short-circuit current was considered in Equation (13) as
The Equation (19) is deduced because the voltage in the shaded PV-cell begins to be negative 210 when the PV-cell current is higher than I ph Ti δ which leads to a prominent change of the I-V curve. If the PV-cell current follows increasing, the PV-cell voltage is each time more negative until achieve 
238
V z is defined in Equation (21) as a proportional relation between the voltage difference V oc − V mp 239 and the corresponding shading ratio δ z for the shading ratios arranged from the lower to the higher 240 δ z < δ z+1 . Physical meaning of Equation (21) represents that the voltage displacement of V mz in 241 relation to the local MPPs in unshaded condition is associated to the shading ratio δ z . are given from Equation (22) to Equation (24) where V BD is the forward by-pass diode voltage which 246 displaces the proportion of V oc .
A general expression of V mz is deduced in Equation (25) for g groups and z = {0, 1, ..., g − 1},
For unshaded groups δ z = 1 and P mz is given by Equation (28),
Equation (27) and Equation (29) allow a fast approximation to the MPPs for known shadow 251 patterns and unshaded operation parameters. The procedure to evalute the MPPs is described as 252 follows:
253
Step 1: Determination of the lowest shading ratios δ z in each group. Arrangement of shading ratios from 254 the lower to the higher δ z < δ z+1 .
255
Step 2: Evaluation of V mp , I mp , I sc Ti , and V oc from unshaded condition. Considering V BD ≈ 0.7V.
256
Step 3: Calculation of P mz for z = {0, 1, ..., g − 1} using Equation (27) if δ z < 1 or Equation (29) if δ z = 1.
257
Step 4: * In the special case of δ z = δ z+1 , the sequence of values for P mz and P mz+1 are evaluated normally.
258
However, only the highest value of power defines the region for the local MPP.
259
Given the proposed modeling approach through this section, the next stage will analyze the 260 simulation of shaded PV modules. 
266
The simulations have been performed in a conventional computational platform by solving Equation
267
(16), Equation (17), and Equation (18) according to the lineaments presented in section 3. In addition,
268
the simulated shading ratios δ are set for analysis and further correlation with experimental patterns.
269
The shaded PV-module images in this section have only a character illustrative and do not represent 
276
The first case depicted in Figure 9 shows all groups with a single shaded cell. This simulation 277 is intended to study the impact of single shaded cells in the normal current-voltage behavior. In Figure 9 , the PV module current I PV is normalized in ratio to I sc Ti = 7.1A. Therefore, in the Y-axis, the 279 I Norm = I PV /I sc Ti . This simulation case shows that the lowest divergence current I dv is proportional to 280 the shaded cells with the lowest value of δ. For instance, the first divergence current I dv 0 in Figure 9b 281 is caused by the PV-cell with δ 2.10 = 0.20 of group one. Figure 9 confirms that the divergence current Figure 11a shows a diagonal shadow pattern and the associated shading ratios. In this case, 298 Figure 11b shows that the group three with δ 6.9 = δ 5.10 = 0.28 produces the lowest divergence current I dv 0 = 0.28I sc Ti ≈ 2A, and the group two with δ 4.10 = 0.7 produces the divergence current 300 I dv 1 = 0.7I sc Ti ≈ 5A. After finding I dv 0 and I dv 0 , the maximum power points (MPPs) are calculated 301 using Equations (27) and Equations (29) This simplified method allows for quickly identifying the global MPP and its source. Curve P-V string PV
Unshaded G.
(b) I-V and P-V curves Table 3 lists the MPPs for the studied PV string. These results illustrate a special case of Equation (27) 322 and Equation (29) to evaluate the approximate MPPs where equal δ z appear in different groups. For 323 this case, the sequence of values in Equation (27) and Equation (29) are evaluated normally; however,
324
only the highest MPP of equal δ z is taking into account to define the MPP region and the global 325 MPP. Finally, the results in Figure 13 and The following findings highlight the patterns identified from the interaction between the shading 330 ratio and the partial shadows.
331
• The divergence currents I dvz are proportional to the lowest shading ratio δ z in each shaded PV 332 group. Thus, I dvz ≈ δ z I sc Ti for δ z < 1.
333
• Shaded cells have a minimal impact on the I-V curve if their shading ratio is greater than the 334 lowest shading ratio in the same group.
335
• In a group, shaded cells with shading ratios close to the lowest shading ratio have a lower 336 overheating risk because the reverse bias voltage is distributed between them.
337
• A single shaded cell in a group with higher shading ratio has a greater probability of being a 338 hot-spot because of the power dissipation despite the by-pass diodes.
339
• The MPPs can be quickly identified from the lowest shading ratio in each group and the 340 parameters for unshaded conditions.
341
• The above-mentioned patterns can be extended at the level of PV strings.
342
The next section presents the experimental tests to validate the proposed approach correlating the 343 current voltage-behavior with shadow image patterns.
344
Experimental Validation and Discussion
345
This section describes the experimental setup for validating the analysis proposed in section 3. In 346 addition, this section outlines an experimental procedure to quantify the shading ratio using image 347 processing methods. Experimental results are discussed. 
Test for Partially Shaded PV Modules
349
The developed experiments consider two shadow cases as depicted in Figure 15 and Figure 17 . Simultaneously, a digital camera records the shadow pattern, which is shown in Figure 14b . The
358
analysis of the shaded PV-cell areas is performed using image processing methods after contour 359 selection. The selected image is converted from gray-scale image to binary image through digital 360 processing based on the histogram and Otsu's method [39] . Finally, the shaded area is calculated using
361
Equation (30) where p b is the total number of black pixels and p w is the total number of white pixels. The experimental test is described as follows:
363
Step 1: Simultaneous measurements and recording of I-V curves, solar irradiance, PV module 364 temperature, and shadow patterns.
365
Step 2: Selection of synchronized I-V curves and image shadow patterns for analysis.
366
Step 3: Image processing for measurement of shaded PV-cell areas in selected shadow pattern.
367
Step 4: Shading ratio calculation for the PV-cell with the largest shaded area a sL using Equation (31). I ph Ti 368 is calculated using Equation (12). I dv L is the first divergence-current point in the experimental 369 I-V curve.
370
Step 5: Calculate the shading factor S f for the PV-cell with the largest shaded area δ L using Equation (32).
371
In this experimental setup, the shading factor is considered uniform on the shaded cell because 372 the I-V curve measurements and the shaded PV module image recording are synchronized.
373
Step 6: Evaluate the shading ratio δ ij for each shaded PV-cell.
374
Step 7: The calculated shading ratios are used to evaluate the I-V and P-V characteristics of the PV 375 modules. shading ratios δ ij . These shading ratios are used to evaluate the I-V and P-V characteristics for the PV 380 modules. Table 7 and Table 9 summarize the MPPs. Lastly, the experimental and calculated I-V curves 381 are depicted in Figure 16 and Figure 18 . 
Discussion of Results
383
The experimental results confirm the correlation between the shading ratio δ and the I-V curve.
384
For instance, Table 6 and Figure 16 experimentally show that the first divergence points in the I-V Considering a uniform S f , the results also demonstrate that the smaller shaded cell areas in comparison 388 with the larger shaded cell areas in the same group provide a minimal contribution to the I-V curve.
389
For instance, the PV-cells C3.7 and C5.8 of case 1-monocrystalline (Table 6 ) have a minimal impact 390 on the I-V characteristics of Figure 16a . In contrast, shaded cells with small shaded areas are able to .12 has more risk of dissipating power. Table 10 lists the slopes for the case 2-monocrystalline 398 and the case 2-polycrystalline which have single shaded cell in a group. Results in Table 10 show a 399 slightly difference in the case monocrystalline but more significant difference in case polycrystalline.
400
Authors also have addressed a detailed experimental study about the partial shading and the slope 401 identification which has been reported in Reference [3] . We use the mean square error (MSE) to assess the modeling accuracy based on the shading ratio.
404
The MSE values listed in 
423
For the local maximum power points (MPPs), the results from Table 6 to Table 9 show the integration and Equations (29), and results are registered in Table 7 and Table 9 . Indeed, these results highlight 
430
Finally, the proposed methodology through this section can contribute to the supervision strategies 431 based on image processing by considering the following findings in terms of shaded areas:
432
• Shaded cells with the highest shaded area in each group cause the divergence currents.
433
• Several shaded cells in a single PV group negligibly modify the operation point imposed by the 434 PV-cell with the highest shaded area.
435
• Localized shadows on single shaded cells in a group are more harmful because overheating can 436 arise.
437
• Uniform shadows on several cells of the same group cause less structural risks.
438
• The MPPs can be quickly localized considering the shaded PV-cells with the highest shaded 439 areas in each group. 
Comparison with Other Approaches
441
In this section, the contributions presented through this paper are compared with the existing 442 schemes in literature. Methodologies in Table 12 address the PV modeling concerns using different 443 perspectives. Reference [15] describes the reverse-bias behavior using a non-linear multiplication factor 444 associated to the shunt resistance current. However, the impact of partial shadows is not discussed.
445
The second approach proposes a discrete method to ensure convergence [20] . This paper presents a 
Conclusions
471
This paper presented a complementary approach to describe the behavior of partially shaded PV 472 modules. The proposed approach presented a more accurate definition of the shading ratio δ that is 473 suitable for describing the relation between the shaded area and the shading factor with the partial 474 shading behavior. The studied approach specified a methodology able to quantify experimentally the 475 shadow characteristics and the shading ratio δ. Furthermore, the analysis of the results allowed us to 476 establish the interrelation between the shadow patterns and changes in I-V and P-V characteristics.
477
A simplified expression was developed to quickly calculate MPPs using the lowest shading ratio in non-uniform shading factors and other PV-cell parameters such as the series and the shunt resistances.
481
In future work, a supervision method should be developed by integrating image-processing methods
482
to the output power monitoring in PV installations. 
